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ABSTRACT
This paper presents results of investigation of lubricant effects on refrigeration distribution by conducting a series
experiments in a real MAC system at two SAE conditions. Infrared images of evaporator and condensers are taken
and compared with two previous publications. It is found that the lubricant effect on evaporator largely depends on
geometry and structure of evaporator, such as the inlet position and orientation. For condenser, the inlet header acts
as an oil separator, which results in the oil accumulation at the bottom of the first pass of condenser.

1. INTRODUCTION
Addition of oil alters the properties of pure refrigerant (Shen and Groll, 2005). Cooling capacity is affected
significantly by heat transfer and the two-phase distribution inside evaporator. Oil-refrigerant mixture has a much
bigger surface tension compared to pure refrigerant, so the nucleate boiling is suppressed and the heat transfer is
reduced. Li and Hrnjak (2013) made a simulation study of lubricant effect on distribution. Their model only
incorporated oil effect on heat transfer and pressure drop, neglecting its effect on flow regime in the inlet header.
They concluded that lubricant will deteriorate distribution at low OCR and improve distribution at high OCR. In
addition, the existence of oil significantly changes the flow patterns and regime inside evaporator inlet header.
Manwell and Bergles (1990) found that higher oil concentration resulted in more foam formation. Wongwise (2002)
conducted a visual study of R134a/PAG mixture inside a horizontal tube and found strong froth in the flow pattern.
Li and Hrnjak (2014) visualized the flow of R134a/PAG oil in micro-channel evaporator inlet header. They found
that foaming increases with oil concentration at the inlet of the header. Zou and Hrnjak (2014) investigated the twophase flow regime of R134a/PAG in vertical header and concluded that foaming helps to unify the mixing of vapor
and liquid inside the vertical header. The foaming inside evaporator header is directly related to refrigerant
distribution in parallel tubes in evaporator. The maldistribution creates unwanted superheated region where heat
transfer is lower, which reduces the heat transfer effectiveness of heat exchangers and lower the system’s efficiency.
The quantification of refrigerant distribution is investigated by (Li and Hrnjak (2015a), Bowers et al. (2010)) and it
is also in Chapter 4. Li and Hrnjak (2015b) found that foaming helps to improve the distribution inside the
evaporator and enhance the heat transfer but the limitation of their research is that they didn’t use a real automotive
evaporator in their research. Zou and Hrnjak (2014) also found that the distribution inside evaporator becomes better
when adding oil into the system. They performed experiments on heat pump mode so the outdoor heat exchanger is
the evaporator in their experiments. So the oil effect on heat transfer and distribution work together to influence the
system’s capacity and COP.
Jin and Hrnjak (2014) built a model to simulate the refrigerant and lubricant charge in AC heat exchangers, but they
found the condenser lubricant mass was consistently under-predicted and insensitive to OCR change. By checking
the infrared image, they concluded that the condenser inlet header acts like an oil separator. Oil is separated and
accumulated at the bottom of the first pass of condenser, which increases the total oil retention. It was the first time
in literature to observe this phenomenon, and more validation of it was needed. Other than oil and refrigerant vapor
separation, similar separation of liquid-vapor two-phase refrigerant was found in the second header of MAC
condenser in Li and Hrnjak (2015, 2016).
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In this study, a series experiments are designed and conducted on a real MAC (Mobile Air-Conditioning) system to
see the oil effect on the system’s performance using R134a and PAG oil. More attention is focused on the oil effect
on evaporator distribution by taking infrared image. In addition, the condenser is also checked by infrared image to
check Jin and Hrnjak’s (2014) findings on the separating effect on condenser inlet header.

2. DISCRIPTION
2.1 Experiment setup
Figure 1 shows the schematic drawing of a MAC system used in the experiment. The variable speed compressor,
micro-channel condenser, plate evaporator and expansion valve are all realistic components and taken from a major
brand vehicle. The evaporator has four passes with two slabs. There are 15 tubes in each of the first two passes and
10 tubes in each of the other two passes. It has around 0.39 m2 refrigerant-side surface area and 3.339 m2 air-side
surface area. The condenser consists of 40 tubes and four passes (15 tubes in first pass, 9 tubes in second pass, 8
tubes in third pass and 8 tubes in sub-cooling pass) and it is attached with a receiver. The refrigerant-side surface
area of condenser is 1.558 m2 and air-side surface area is 5.4 m2 . The TXV is adjusted to control the superheat to be
around 12℃. The axial piston compressor has six cylinders, each of which has a displacement of about 25 cm.

Sampling device

TXV Plate Evaporator

Variable-speed compressor

Micro-channel condenser
Sampling device

Figure 1: Schematic drawing of the test facility
In the tests, measurement of oil is made by sampling using device installed parallel with the liquid line as shown in
Figure 1. When the system reaches equilibrium after 2-3 hours, the four valves highlighted in Figure 1 are closed.
The sampling device is then taken off from the system to evaporate and measure the mass of both refrigerant and oil
inside of it to calculate OCR.
OCR =

𝑚̇𝑜𝑖𝑙
𝑚̇𝑜𝑖𝑙 +𝑚̇𝑟𝑒𝑓

(1)

2.2 Evaporator
Figure 2 is the picture of the evaporator used in this study. It is a plate evaporator made by Delphi, which contains
four passes and two slabs. Only the first slab can be seen in the picture, because the second slab is located behind the
first slab. The blue arrows in the pictures indicate how refrigerant flows in each pass. The flows in first and fourth
pass are drawn in solid arrows, which they could be seen from front. The second and third passes are drawn in
dashed arrows, which means that they cannot be seen directly from the front. Figure 2-2b shows a pair of plates,
which are used to form one tube in the evaporator. The detailed geometry information can be found in Table 1.
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(a)

(b)
Figure 2: Evaporator

Table 1: Detailed geometry information of evaporator
Width (core)

257.5 mm

Height (core)

211mm

Depth

58 mm

𝐷ℎ

2.2 mm

Tube pitch

7.8 mm

Louver angle

24º

Louver pitch

1 mm

Louver width

1.5 mm

Louver length

7.3 mm

Fin thickness

0.09 mm

Fin pitch

1.8 mm

2.3 Condenser

Figure 3: Condenser
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The condenser is of a micro-channel design with four passes (including the subcooling pass) as shown in Figure 3. The
manufacturer is Denso (Part number: 477-0598). It is used in 2007 Toyota Camry. Figure 3 also shows the detailed information
about refrigerant-side geometry and air-side geometry. Detailed geometry can be found in Table 2.

Table 2: Detailed geometry information of condenser
Width (core)

670 mm

Height (core)

388 mm

Depth

16 mm

Tube thickness

1.7 mm

Tube pitch

7.8 mm

Port height

1 mm

Port width

0.5 mm

Port number (middle)

17

Port number (side)

2

Louver angle

26°

Louver pitch

1 mm

Louver width

1 mm

Louver length

7.3 mm

Fin thickness

0.075 mm

Fin pitch

1.6 mm

2.3 Experiment conditions
The experiments are conducted in two conditions: I35 a condition and M35a condition (described in SAE J2765 Table 3). The refrigerant charge is determined following charge determination procedure in the standard. Oil is
added in six different steps to provide different OCR values ranging from 1% to 8%. For each of the conditions, all
parameters (compressor speed, air-flow rates, refrigerant charge, temperatures, humidity, superheat…) are held
constant for each of the six OCRs.
Table 3: Selected test conditions from SAE J2765
Test

Compressor
speed (rpm)

I35a
M35a

900
2500

Condenser
Face velocity (m/s)
Temp (℃)
35
1.5
35
3.0

Evaporator
Mass flow (kg/min)
Temp (℃)
35
9.0
35
9.0

3. EXPERIMENT RESULTS
3.1 Lubricant effect on evaporator distribution
Distribution rating parameter ∅ (Bowers, et al. 2010) is used here to quantify the distribution inside the evaporator.
Zero for the value of Ф means the highest degree of maldistribution and one means uniform distribution. The
calculation of ∅ is based on the infrared image of evaporator as shown in Figure 4-1.
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∅=1−

∑𝑛𝑖=1 |𝐻𝑖 − 𝐻𝑎𝑣𝑔 |
2𝑛𝐻𝑎𝑣𝑔

Figure 4: The definition of distribution rating parameter Ø
When taking infrared images for evaporator from the front, only the first pass and fourth pass can be captured as
shown in Figure 5. The evaporator is a 4-pass 2-slab plate evaporator with 2nd and 3rd pass placed on the back.

(a)

(b)
Figure 5: (a) The infrared image of evaporator with the max/min OCR in I35a condition (b) The infrared image of
evaporator with the max/min OCR in M35a condition
The expansion valve is installed in front of evaporator, so the infrared image of the fourth pass is very incomplete as
shown in Figure 5. The quantitative analysis of two-phase distribution inside evaporator will be focused on the
infrared image of the first pass as shown in Figure 6.
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(a)

(b)
Figure 6: Infrared images of first-pass of evaporator at a) I35a, (b) at M35a condition
Figure 6 shows that for both I35a and M35a conditions, the evaporator distribution becomes worse when OCR
increases, which hurts the heat transfer effectiveness of the evaporator because the unwanted dry-out region leads to
lower heat transfer coefficient. In addition, the color indicates that the average wall temperature of evaporator Twall
increases as OCR increases. Considering the capacity of evaporator being calculated by air-side heat transfer as:
Q e = ha Aa (Ta − Twall )

(2)

Since air-side condition was unchanged and ha and Ta are constant, so higher Twall leads to a lower capacity.
Li and Hrnjak (2014a) also investigated the oil effect on evaporator distribution using R134a and PAG oil on the
same system facility but with a different evaporator. It was a single-pass single-slab microchannel evaporator,
presented in Figure 7.

Figure 7: Infrared of the evaporator in Li and Hrnjak (2014)
Comparing infrared images taken by Li and Hrnjak (2014a) as shown in Figure 7 to our infrared images in Figure 6
have two major differences:
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Location of dry-out region: The dry-out region in Figure 6 is in the right corner of the evaporator while the
dry-out region in Figure 7 is at left up corner, although both evaporators have inlet on the left as shown in
Figure 8 (the inlet of the evaporator used in this study is located on the left in the first pass).
Oil effect on distribution: Distribution becomes worse with more oil in this study as shown in Figure 6.
However, oil plays a positive effect on distribution in Li and Hrnjak’s study (2014a) as shown in Figure 7.

These two differences can be explained by the geometry of the evaporator used in the studies as shown in Figure 8.

Figure 8: Evaporator comparison (the one on the right is an evaporator very similar to Li and Hrnjak’s)
The evaporator used in Li and Hrnjak’s study has an inlet parallel to the inlet header. When refrigerant enters the
header from left, liquid flows straight down to the end of the header because of stronger inertial forces in liquid, so
more liquid is accumulated near the right end of the header. Thus the inlets of micro-channel tubes on the left have
less chance to be submerged in the liquid layer compared with tubes on the right, thus less liquid could be entrained
in the tubes on the left. This is the reason the dry-out region happens at the left up corner of the evaporator. The
simplified illustration is presented in Figure 9.

Figure 9: Schematic drawings for the flow regime evaporator header (Li and Hrnjak)
As oil is added to the mixture, a layer of foam forms at the top, more in the left side of header, which helps to
submerge the inlet of micro-channel tubes on the left and improves the distribution. This hypothesis is validated by
the visualization images of the flow regime in inlet header as shown in Figure 10a and Figure 10b.

Figure 10: Visualization of the flow regime in evaporator (Li and Hrnjak)
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On the other hand, the evaporator used in present study is a plate evaporator, and the evaporator inlet is
perpendicular to the inlet header. When refrigerant-oil mixture flows into the inlet header, it hits on the wall of the
header and loses most of its kinetic energy and accumulates around the inlet. Vapor has a much smaller inertia than
liquid, so it is easier for vapor to be sucked away and to leave that area, while liquid is more likely to stay around the
inlet. This situation is illustrated by Figure 11. When oil is added to refrigerant, the layer of foam around the inlet
helps to block the liquid within the area close to the inlet, which makes the distribution worse.

Figure 11: Schematic drawings of the flow regime in our evaporator header

Figure 12: Flow regime comparisons
The comparison presented indicates that oil effect on distribution largely depends on the specific geometry (eg. inlet
position and direction) of the evaporator.

3.2 Lubricant effect on distribution and oil retention of condenser
The condenser used in this study is a four-pass micro-channel condenser. Figure 13 shows the infrared image of
condenser with different OCRs. It can be seen there is a “cold region” at the bottom of the second and third passes
when OCR is relatively higher. This is because the refrigerant becomes two-phase after the cooling down in the first
pass, and the liquid droplets are very likely to fall down to the bottom of the vertical header and enter the channels in
the bottom of the next pass. So the cold regions in the second and third pass should be subcooled refrigerant.
However, a cold region is also found in the bottom of the first pass as circled in red, and it is more pronounced at
higher OCRs. Considering that the inlet of the condenser is superheated refrigerant vapor, the distribution among the
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first pass should be relatively uniform, so it is pretty unexpected to see such a big temperature difference for the
channels in the first tube.

(a)

(b)
Figure 13: (a) Infrared image of condenser in I35a condition (b) Infrared image of condenser in M35a condition
Jin and Hrnjak (2014) observed very similar behavior as shown in Figure 14. They concluded that the cold region at
the bottom of the first pass should be filled with oil-rich liquid. The condenser they used was a two-pass condenser
with an inlet on the top of the inlet header and parallel to the micro-channel tubes. When the superheated vapor
mixed with oil enters the condenser, the oil has a tendency to fall down and accumulate at the bottom of the header
because of gravity, and then flow into the bottom channel as shown in Figure 15. The oil-rich liquid is very viscous,
so it moves slowly in the bottom channel of the first pass and release heat to the flowing air. Oil does not have latent
heat, so it would be cooled down quickly and become much colder than the two-phase flow in the first pass.

Figure 14: Infrared image for condenser from Jin and Hrnjak: (a) Total oil charge 140g;
(b) Total oil charge 175 g; (c) Total oil charge 205g.
In Jin and Hrnjak (2014), in addition to the cold region at the bottom of the first pass, there is an extra cold area at
the upper right corner of the condenser as circled by dash line in Figure 14. The hypothesis was that when
refrigerant-oil enters the inlet header, some oil droplets could directly flow into the top several micro-channel tubes
because of inertia, and then they are cooled down quickly and form another cold region. But most of the oil droplets
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would hit on the walls as shown in Figure 15, create a film which would then flow down to the bottom of the inlet
header and fills the channels there.

Figure 15: Schematics of oil separation in the inlet header of condenser in from Jin and Hrnjak (2014)
In present study, the condenser inlet is located at the bottom of the inlet header, and perpendicular to the direction of
micro-channel tubes. A similar hypothesis is proposed when refrigerant-oil mixture enters condenser, it hits on the
wall instead of flowing directly into the micro-channel tubes. When the mixture hits on the wall, most of its kinetic
energy is absorbed and the liquid oil droplets lost its speed. The inertia and gravity make it to stay and accumulate at
the bottom of inlet header, and then enters the last one or two channels to be cooled down quickly to form the cold
region in the bottom of the first pass as shown in Figure 16. This cold region becomes bigger at a higher OCR in
both I35a and M35a condition because more oil is accumulated on the bottom of the header and enters the bottom
channels at higher OCR.

Figure 16: Schematics of oil separation in the inlet header of condenser in this study
The oil retention at the first pass of condenser has adverse effects on the performance of the system for two reasons.
First, the cold region is a waste of efficient heat transfer area. Second, if more oil is trapped in condenser, less oil
could be returned back to compressor to provide lubrication and sealing.

3.3 Lubricant effect on heat transfer and system capacity
The lubricant effect on heat transfer is shown in Figure 17. It can be seen that the UA value of both evaporator and
condenser decreases with the increase of OCR.
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Figure 17: (a) UA value of evaporator (b) UA value of condenser

8

9 10 11

The UA value of heat exchanger could be calculated as Equation 3.
1
UA

=

1
ha Aa

+

L
KA

+

1
hr Ar

(3)

The conduction thermal resistance could be ignored because it is very small compare to convection resistance. The
air-side heat transfer coefficient (HTC) ha is determined by geometry and air-side conditions, which are not
influenced by oil. So the decrease of UA indicates that the refrigerant-side heat transfer coefficient hr is reduced
when OCR increases. Presence of oil affects the properties of mixture and influences the two-phase distribution in
evaporator and oil retention in condenser, and all those factors works together to result in the decrease of UA.

Norminalized capacity
Q/Q(OCR=1%)

Capacity (kW)

Figure 18 shows that the capacities of both evaporator and condenser decrease as OCR increases at both conditions.
3.9
1
3.8
0.98
I35a
3.7
0.96
M35a
3.6
0.94
3.5
0.92
3.4
0.9
3.3
0.88
3.2
0.86
0.84
3.1
I35a
0.82
3
M35a
0.8
2.9
1 2 3 4 5 6 7 8 9 10 11
0 1 2 3 4 5 6 7 8 9 10 11
OCR (%)
OCR (%)
(a)
(b)
Figure 18: Cooling capacities under different OCRs: (a) In absolute value (b) Normalized

4. SUMMARY AND CONCLUSION
Effects of lubricant on automotive A/C system are investigated experimentally in a real MAC system. Infrared
images are taken to analyze the lubricant effect on evaporator two-phase distribution as well as the oil retention in
condenser. The results are compared to two similar previous publications.
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The effect on evaporator distribution is significant and influenced by specific structure of the evaporator. This
evaporator shows worsening of distribution with increase of OCR, opposite to the case presented in Li and Hrnjak’s
publication where the distribution in evaporator was improved as OCR increased. The dry-out region is placed in
different location in the two cases. The difference between the two observations can be explained by looking into the
structure of the headers of these evaporators.
Infrared images of condenser show that oil accumulates in the bottom of the first pass to form a cold region. This
phenomenon is also observed by Jin and Hrnjak, and both findings as well as the difference can be explained based
on conclusions by Jin and Hrnjak’s.
The overall effect of lubricant on evaporator and condenser is that oil hurts their performances and lowers the UA
value for both evaporator and condenser. This might be a combined effect of properties change and distribution
changes. The capacities of both evaporator and condenser decrease as OCR increases.

NOMENCLATURE
A
k
OCR
ṁ
h
Q
U
Ø

Subscript
a
e
wall
oil
r/ref

Area
Conductivity
Oil Circulation Ratio
Mass flow rate
Specific enthalpy
Capacity
Overall heat transfer
coefficient
Distribution rating
parameter

[𝑚2 ]
[W𝑚−1 𝐾 −1 ]
[-]
[kg/s]
[kJkg-1]
[kW]
[W𝑚−2 𝐾 −1 ]
[-]

air side
evaporator
the tube wall
oil
refrigerant
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